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DNA is very stable in its double-stranded form, For many processes of DNA metabolism, such as replication, repair, recombination and transcrip- 
tion, the D&A has to be brought transiently into a single-stranded form. DNA helicases are enzymes capable af melting the hydrogen bonds of 
base pairs by using the energy of n~lcieoside-S’-triphosphate hydrolysis. This minireview focusses on the current knowledge of DNA helicases from 
eukaryotic ells. 
DNA replication; DNA h&case; Eukaryotic; ATPase: Nucleoside triphosphate hydrolysis 
Many processes such as DNA replication, DNA 
repair mechanisms, DNA recombination and also DNA 
transcription require the DNA double helix to be 
melted to provide DNA polymerases and RNA 
polymerases with a single stranded DNA substrate. 
Since the doubie helix is energetically favoured the 
melting or un~finding of DNA is an extremely energy 
consuming process. The enzymes that can perform this 
unwinding of the DNA are called DNA helicases [I], 
These enzymes contain an intrinsic ATPase activity 
which hydrolyses nucleoside-5’-triphosphates in the 
presence of DNA and divalent cations (mostly Mg2 ’ ) 
as essential cofactors. This hydrolysis provides the 
energy for the DNA helicase to transiocate along one 
strand of the dupiex DNA, thus unwinding the DNA. 
This now single stranded DNA is then ready, e.g. for 
the primosome to initiate DNA synthesis and for the 
replisome (e.g. DNA polymerase holoenzyme) to 
replicate the DNA [2]. During the last decade advanced 
in vitro DNA replicatjon systems have been developed 
in Esc~~r~c~l~~ co/i [Z] and, among many other en- 
zymological details, have facilitated the discovery of at 
least 7 different DNA helicases [3]. These multiple 
DNA helicases underline the importance of DNA un- 
winding events in many cellutar processes. In contrast 
to the situation in Esc~er~c~~~ co/i, where a connection 
between gene product and its function can be found 
easily, the situation in eukaryotes is much more com- 
plex. Here we summarize our knowledge on DNA 
helicases from eukaryotic celts: In the first part these 
enzymes from some viral sources (simian virus 40, 
polyoma virus and herpes simplex 1 virus) will be 
reviewed, the second part wiII deal with DNA helicases 
of cellular origin. 
2. VIRAL DNA HELICASES 
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Viral genomes provided the most promising in vitro 
replication systems o far and serve as models to study 
DNA replication events occurring in the cell 121. The 
simian virus 40 (SV40) and the polyoma virus rely with 
one single exception on host ceit enzymes and proteins 
for the replication of their approximately 5 kb DNA. 
The large tumor (T) antigen of both viruses is the only 
protein which is essential for viral DNA replication. 
Among many different functions, e.g. for the regula- 
tion of viral gene expression, transformation and 
regulation of several cellular properties the large T an- 
tigen was found to have an intrinsic DNA helicase ac- 
tivity [4]. The SV40 T antigen helicase (reviewed in 151) 
is a 92 kDa protein that translocates and therefore un- 
winds processively in the 3 ’ -+S ’ direction [5]. The 
preferred substrates for nuc~eoside-5’-triphosphate 
hydrolysis are ATP and dATP. T antigen interacts with 
DNA polymerase ty and appears to function during the 
unwinding at the origin of DNA replication as well as 
during fork movement [S]. The analogous T antigen 
from polyoma virus also has DNA helicase activity. 
This 100 kDa enzyme has similar DNA heticase proper- 
ties as its SV40 counterpart [6]. The polyoma T antigen 
DNA helicase unwinds in the 3 ’ -+ 5 ’ direction and atso 
prefers ATP and dATP as the nucfeoside-5’-triphos- 
phate to be hyd~ol~ed for unwinding. 
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The genome oF herpes simplex virus 1 has a size of 
approximately 150 kiiobases and contains cir- and 
fra~ls-acting functions involved in DNA replication. It 
appears that all enzymes involved in herpes simplex 
virus I replication are coded for by the virus fZ]. The 
DNA heiicase from herpes simplex 1 resides in a 3 
subunit complex with motecuiar weights of 12~,~~~ 
97,~~ and 7~~~~~ respectively [7]. The complex con- 
tains two enzymatic activities which are DNA heficase 
and DNA primase. DNA primase is an enzyme required 
for the synthesis of the initiator RNA at Fhe fagging 
strand of the replication fork and is coded for by the 
UL8 gene. The helicase-primase complex moves and 
unwinds in the 5’ -+3’ direction. The h&case activity 
probably can be assigned to the combined action of the 
ULS and UL52 gene products. Both pol~p~ptides are 
required for DNA dependent ATPase and GTPase as 
we11 as for hehcase activities and appear to be inactive 
as single polypeptides [SJ. 
By the organization of a ~~li~~~~-~r~rn~se complex 
the herpes simplex virus 1 obviously combines the ac- 
tion of two important replicarion enzymes in an 
economical way, This combination of two enzymes has 
also been evolved by the two hacreriophages T7 and T4. 
The T7 viral gene 4 protein possesses both primase and 
he&case in one polypeptide which can be seen as a 
minimal strategy for a small virus f9]. The genes 4 f and 
GL from bacteriophage T4 form a complex with potent 
primase and hehcase activities [IO], 
Finally, herpes simplex f virus codes for another 
essentiaf gene, the UL9, a 83 kDa protein that binds to 
the viral origin sequence and has an intrinsic DNA 
h&case activity. The directionality of unwinding is 
3’ -+S’ fll]. 
3. CELLULAR DNA HELICASES 
None of these 3 viral replication systems requires a 
cellular DNA helicase. Accordingly during the fractio- 
nation of activities essentially for viral replication no 
cellular heticases could be identified. To find a counter- 
part for the viral helicasc the hard way of protein 
purification had to be taken. The first candidate for an 
eukaryotic DNA helicase was described from meiotic 
cells of t&urn 1121. This enzyme unwinds DNA de- 
pendent on hydrolysis of ATP and appears CO bind to 
nicks in the DNA strands from where it starts to un- 
wind. The direction of unwinding is not known. 
In the yeast, ~~~~~~r~~7.v~~~ cerevisiac 3 DNA 
heiicases are known up to date. The best characterized 
one is the rad? gene product [ 13], a 89 kDa polypep- 
tide. The enzyme prefers ATP and dATP For h&case 
activity and can processively unwind DNA in the 
5 ’ -3 ’ direction [I 4f. ft needs singie stranded gaps be- 
tween 52I nucleotides to un~incl doubly-stranded 
DNA. The rad3 DNA he&case is unique among alI 
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eukaryotic DNA helicases for its acidic pH require- 
ment, with an optimum around 5.5 and an optimal 
MgCtt concentration between 5 and 10 mM ]13]+ Its in 
viva fuilction is most likely during excision-repair. 
ATPase III from yeast also has DNA ~~tl\~~irlding activi- 
ty [lS] and stimulates the DNA polymerase ~/primase 
from yeast spe~ifi~alIy (in a revised nomenclature pro- 
posal for eukaryotir DNA polymerases, the greek 
non~~ncIature has been adopted For all eukaryotic DNA 
polymerases in~I~]ding yeast, fl6]f. Finally, rad W is a 
gene of S~c~~jff~o~??~~~~ ~e ev&&ze that codes for a pro- 
tein containing DNA helicase consensus equence [171. 
This protein has not been characterized at the 
biochemical evel. Genetical evidence suggests that this 
DNA helicase is involved in error-prone repair events. 
In vertebrates, a DNA helicase has been described 
from Xeno~us /aevis ovaries II S]. Even t trough the en- 
zyme was nor purified to h~~lo~~neit~ a native 
molecular weight of 140 000 was propased with two 
proteins of 75 and 65 kDa c~p~rif~i~~ with DNA 
helicase activity. The Xe~ropus !ffbevis DNA helicase 
prefers ATP and dATP for hydrolysis. Neither the 
direction of movement nor its biological function are 
known. Dependency on monovalent cations, cofactor 
requirements and elution from single-stranded DNA- 
ceIIulose affinity columns suggested that this Xe~?o~~~~ 
Levis enzyme is different from the other eukaryotic 
DNA h&cases. 
The progress to isolate DNA h&cases from mam- 
malian cells had been hampered mainty by the folfow- 
ing two facts: fi) purification of DNA deperlde~~t 
ATPases often led FO pure enzymes that lacked DNA 
h&case activity (P. ThZimmes and U. Hiibscher, un- 
pubIished data) and (ii) ~o~l~arnination with DNase did 
not allow the determination of DN.4 he&case in early 
purification stages. The first n~amrnalial~ DNA h&case 
was found in calf thymus 1191 and had a tendency to 
copurify with DNA polymerase n/primase. Successful 
purification of a calf thymus DNA helicase to apparent 
homogeneity was recently possible since the combina- 
tion of an ATPase and a DNA helicase assay allowed 
the fate of ATPase activities that separated from the 
DNA helicase to be followed [20]. Separation from the 
DNA polymerase a/primase complex as well as from 
the bulk of another DNA-dependent ATPase could be 
achie\/ed on a heparin-Sepharose colunn~ [2Qti The en- 
zyme is a monomer of 47 000 Da and is able to use 
ATP, dATP, CTP and dCTP for helirase action. The 
calf thymus DNA helicase appears to bind processivety 
to single-stranded DNA, to move in the 3’-+5’ direc- 
tion to a single strand~doubl~ stranded transition and 
to unwind DNA fragments of at Ieasr 36 nucleotides 
&%I]. It has a comparatively few K,,, for the hydroiysis 
of ATP, which is around 200 @l, while e.g. the K,, for 
T antigen heficase for ATP is 3 to S times higher. No 
assignment of in viva function can be made for this calf 
thymus DNA heliuase so far. 
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Table I 
Eukarvotic DNA helicases 
Source Molecular Direction of Preferred Special Function Authors 
weight (kDa) unwinding’ fd)N’TP features 
.--~- _~.~ .-..-._ 
Viral origin 
SV4O T antigen 92 3’--5’ A>dA>dT=U interacts with potcv ori unwinding and 5 
Polyoma ‘I’ antigen 100 3’.*5 A = dA > C = 11 - fork movement 6 
Herpes simplex 1 120,97,70 5’43’ A>G>C-U h&case (lJLWUL52) 
- primase (UL.8) replication 7 
83 3’-5’ ? U L.9 replication 11 _““~. - ---~- 
Cellular origin 
Yeast 
Rad 3 89 5’ -3’ A>dA excision-repair 14 
A’TPase III 63 ? A stimulates yeast polaJ ‘, . 15 
Rad H 134L ‘, ? only sequence known error-prone-repair 17 
Lilly ? ? A ? 12 
Xenopus laevis 140(75,62)” ? A=dA ‘” 18 
Mouse 58’ 5’-+3’ A>dA=dC=G - replication ‘7 23 
Calf thymus 
copurifies with iy 47 3’-+5’ R>dA>C=dC low km for ATP replication ? 20 
hydrolysis ( < 200 ,h?) 
oopurifies with 6’ S8” 5'43' A>dA>C=I! enables ~016 to replication ? 21 
perform strand- 
displacement 
copurifies with eJ YO-1OOS 3’-5’ A=dA dependent on ssb 22 
-~-- -~-.,~ .l-ll- 
’ Movement on the single-stranded DNA, where the enzyme binds. 
’ Deduced from the DNA sequence. 
’ Not homogenous. 
A For a revised nomenclature of eukaryotic DNA polymerases ee 1161 
’ Calculated from S-value. 
Another DNA h&case from calf thymus has been 
separated from DNA poIymerase 6, an enzyme possibly 
involved in replication of the leading strand at the 
replication fork [21]. This helicase functions as a strand 
displacement factor and specifically affects the activity 
of DNA polymerase 6 but not of DNA polymerase CY on 
a poly(dA)-tailed pBR322 template [Zl], It prefers ATP 
and dATP as nucleoside-5 ’ -triphosphates but can also 
use CTP and UTP and has a 5 ’ -+3 ’ directionality of 
unwinding. 
A third DNA helicase from calf thymus was found to 
copurify with DNA poiymerase t, the DNA polymerase 
discovered most recently. In contrast to the two DNA 
helicases mentioned, this enzyme requires the presence 
of a single-stranded DNA binding protein (ssb) for its 
action. The directionality of unwinding is 3’ -+5’ 122). 
Studies with a DNA helicase characterized from 
mouse FM3A cells [23) indicated that this enzyme in- 
itially copurified with DNA polymerase ollprimase. 
The enzyme has not been purified to homogeneity 
although the authors claim that a 58 kDa polypepride 
copurifies with the enzyme. The mouse DNA helicase 
has a broad spectrum for nucleoside 5’-triphosphates 
since it can use ATP, dATP, dGTP, GTP, UTP and to 
some extent dCTP for DNA heficase action. The en- 
zyme binds to single-stranded DNA and unwinds the 
DNA in the 5’ -+3’ direction. 
4. CONCLUSION AND PERSPECTIVE 
Various DNA helicases from viral and celiular 
origins have been discovered in cukaryotes during the 
last few years. We predict that the multiplicity of 7 
DNA helicases found in Escherichia cali might soon be 
reached in eukaryotes. Molecular genetic techniques 
(e.g. PCR), as well as the use of the yeast system which 
allows the isolation of conditional lethal mutants, wiil 
contribute to our knowledge. These approaches will 
eventually lead to a better understandirlg of the func- 
tional roles of eukaryotic DNA h&cases in the un- 
winding of DNA, 
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